Since buildings account for 40% of total energy consumption and 36% of CO 2 emissions in the European Union (EU), the directive 2010/31/EU "Energy Performance of Buildings Directive (EPDB)" among other legal provisions concerning the reduction of energy consumption of buildings has been enforced. According to this legislation, all new buildings must be nearly zero energy buildings "nZEB" by 31 December 2020 (public buildings by 31 December 2018). Nonetheless, the assessment of the "high energy performance" of a building is ambiguous and a cross country comparison seems to be intricate since different national building codes and nZEB definitions employ different energy indicators and methods. This paper delves into the question of how do the ambition levels of "nZEB" definitions and the transposition of the Directive 2010/31/EU into national law differ in four selected EU Countries: Austria, Germany, Spain, and England (as part of UK). The energy performance of some exemplary buildings is assessed by means of a simplified MATLAB model that is based on the norm DIN V-18599. The results drawn from this work show how diverse are building codes scopes and national "nZEB" definitions. Only 9 of the 36 studied cases of residential buildings obtain consistently the "nZEB" compliance status in all four selected countries. The results show that climate conditions, energy requirements, primary energy factors, ambition levels, and calculation methodologies lead to the problem of an uneven cross-country comparison. Moreover, primary energy consumption [kWh/m 2 a] set as the main quantitative energy indicator by the directive 2010/31/EU might not be the most suitable one for an EU level comparison.
Introduction
According to the Global status report 2017 prepared by the International Energy Agency (IEA) and coordinated by United Nations Environment Programme for the Global Alliance for Buildings and Construction (GABC), buildings and construction together account for 36% of global final energy use and 39% of energy-related carbon dioxide (CO 2 ) emissions when upstream power generation is included. For this reason, energy efficiency in buildings has become a key aspect to meet global climate ambitions beyond the 2020 horizon that was set forth in the Paris Agreement and contribute to achieve the Sustainable Development Goal 7 of the 2030 Agenda.
Since buildings account for 40% of total energy consumption, and 36% of CO 2 emissions in the European Union (EU), two key laws concerning the reduction of energy consumption of buildings have been enforced, the directive 2010/31/EU "Energy Performance of Buildings Directive (EPDB-recast)" and the 2012/27/EU "Energy Efficiency Directive". After a proposal for revision of the Energy Efficiency Directive in November 2016, the EU Parliament voted in favour of a binding 35% energy efficiency target for 2030. The proposal of the European Commission for an amendment of the EPBD-recast (2010/31/EU) delivers new initiatives in several directions, e.g., to ensure the interface of the building stock into the overall energy system by smart devices or to make sure that renovation roadmaps lead towards the long-term goal of a decarbonised building stock. However, the key system of how nZEB definitions should be carried out by the Member States has not been significantly modified [1] .
The article 2 of the Energy Performance of Buildings Directive (EPDB) defines a nearly zero energy building as a building that has a "very high energy performance", for which the nearly zero or very low amount of energy required should be covered to a very significant extent by energy from renewable sources, including energy from renewable sources produced on-site or nearby [2] . In the article 9 of the same directive it is stated that Member States (MS) shall ensure that by 31 December 2020, all new buildings are nearly zero-energy buildings and that after 31 December 2018, new buildings occupied and owned by public authorities are nearly zero-energy buildings. Furthermore, all Member States (MS) shall draw up national plans for increasing the number of nearly zero-energy buildings and these shall include a definition of nearly zero-energy buildings, reflecting their national, regional, or local conditions, and including a numerical indicator of primary energy use expressed in [kWh/m 2 a] [2].
This paper delves into the question of how do the nearly zero energy building "nZEB" definition and the transposition of the Directive 2010/31/EU into national law regarding the procedures to assess the "very high energy performance" on retrofitted residential buildings differ in four selected EU Countries: Austria, England as the selected representative country of the UK, Germany, and Spain.
A recent similar comparison study with different methodology and countries, contrasted existing and nearly zero energy requirements in four countries with a reference office building to analyze the impacts of climate and national regulation on primary energy use. It was found that generally, in Central and North Europe comparison, national input data caused much more difference than the climate [3] .
In order to make a cross country comparison of the national building codes and national "nZEB" definitions, a simplified MATLAB model that was based on the calculation procedure of the German norm DIN V 18599 has been developed. The norm DINV 18599 is a summary and improvement of the precedent existing norms (DIN V 4108-6/DIN V 4701-10 und -12, EN 832, ISO 13790). It is important to bear in mind that the calculation procedure and reporting formats of the norms EN ISO 13790 and EN 15603 have been recently revised by the new calculation procedure presented in the norm ISO 52016 and the modular structure for assessing the energy performance of new and existing buildings in a holistic way presented in the norm EN ISO 52000, respectively. The main changes in the calculation procedures include: (a) the revision of the monthly method to calculate the energy needs for heating and cooling. New straightforward formulae were developed for intermittent heating and cooling, and (b) the introduction of a specific hourly method to calculate the hourly energy needs for heating and cooling and the hourly indoor temperature (air, mean radiant, and operative) and latent energy needs (humidification and dehumidification). However, due to the timing of the work carried out in this paper, it was not possible to adapt the methodology to this new standard and we do not expect strong impact on the insights derived from our analysis. Although the dynamic interactions and influence of hourly and daily variations in weather and operation represent an important improvement in the calculation procedure and lead to higher accuracy in the heat balance, a monthly-based calculation procedure suffice to recognize trends in the consistency of nZEB definitions and energy indicators, and hence to compare the ambition level among countries. Furthermore, due to the way in which EN ISO 52000 is considered, it can be inferred that office buildings are the type of buildings that could most directly benefit from the new methodology. This means that the impact of the dynamics in the heat balance are more relevant for this type of buildings than for residential buildings, particularly in regard to hourly and daily operation (solar blinds, thermostats, heating and cooling needs, occupation, heat accumulation).
For the comparison of the building codes and nZEB definitions, three reference buildings were selected for each of the four countries giving a total of 12 reference buildings. Three cases of energy performance according to different retrofit ambition levels were analysed for each building giving a total of 36 cases. Finally, we checked for each case, whether the building's energy performance matches with the nZEB definition for each considered country.
The selected reference buildings have been chosen mainly from the TABULA EU-building typology database [4] , which does not only contain a large set of building types of each national stock, but also typical energy consumption values for each building and statistical data for the supply systems. Two from the 12 buildings have been chosen from the Passive House Database [5] .
Literature Review
The initial point of this work has been the review of the regulatory framework. From the global directive 2010/31/EU "Energy Performance of Buildings Directive" down to each country regulation, mandate, decree, building code, and national nZEB plan.
The work of the Concerted Action EPBD (CA-EPBD) contributed strongly to a greater transparency and availability of data on the EU MSs' progress towards nZEBs and their nZEB definitions [6] [7] [8] . However, a rigorous and consistent comparison of the real impact of nZEB definitions in different countries has not yet been carried out by the CA-EPBD. Sartori, et al. (2012) [9] propose a consistent framework for setting Net nZEB definitions, but as they themselves recognize there are possible different definitions in accordance with a country's political targets and specific conditions. Moreover, some research projects have already tried to specify the EPBD's global definition and to define suitable levels for nZEBs in Europe, but, as there are no concrete values in the EPBD definition of nZEB and since there are different climate conditions, primary energy factors, ambition levels, and calculation methodologies, the nZEB definition differs significantly from country to country. In the past, the federation of European Heating, Ventilation and Air Conditioning Associations (REHVA) among others has proposed a detailed definition of nZEB for a consistent national implementation of the EPBD recast arguing that EU MSs might need more guidance in order to set comparable requirements for nZEB's with equal ambition levels [10, 11] . Even for projects aiming to monitor the nearly zero energy market, like ZEBRA 2020 [12] , whose major target is to illustrate collected data about the way of MS and Europe towards nZEB, this unclearness in the 'nearly zero' definition supposed a methodological issue. Quoting one of the project key findings: "A quantitative comparison of national nZEB definitions is complex due to different system boundaries, calculation methodologies, applied factors etc., However, our analysis indicates that a significant share of nZEB definitions does not meet the intention of the EU directive on energy efficient buildings (EPBD) that the energy consumption should be 'nearly zero or very low amount' and the remaining part 'should be covered to a very significant extent by energy from renewable sources'. Thus, a recast EPBD should require clear definitions of terms and thresholds, and gaps should be closed" [11] .
The core of this paper is a quantitative comparison by means of the developed MATLAB model for the evaluation of the energy performance of a building, based on the PhD dissertation "Vereinfachungen für de energetische Bewertung von Gebäuden" [13] of Markus Lichtmess and its corresponding excel tool EnerCalC. In this document, the author develops and validates a simplified methodology, which analyses the building envelope according to a single zone model and calculates on the other hand the energy demand according to a multi zone model. This simplified allocation is based on the key assumption that there is a sufficiently good correlation between the building envelope and the energy surface areas (the surface areas of the individual zones).
Several country-specific studies analyse the impact of the building design, thermal envelope parameters, technical systems, calculation methodologies, and local climatic conditions in the energy performance and fulfillment of net and nearly zero energy requirements of reference buildings by means of Case Studies for residential and non-residential buildings [14] [15] [16] [17] [18] [19] . Touloupaki, E.; Theodosiou identify the optimal thickness of insulation that is cost-effective to apply in urban multi-family domestic buildings in the four climate zones of Greece [15] . Hachem-Vermette, Guarino, La Rocca, & Cellura, explore a solar mixed-use community and its potential towards achieving net-zero energy status [17] . Cellura, Ciulla, Guarino, & Longo describe on their paper, the experience of re-design of an existing rural building located in Sicily. A validated model was used for redesign studies aimed towards the achievement of the Net Zero Energy Building target [18] . Zeiler, Gvozdenović, de Bont & Maassen present a paper on the recently completed Dutch sustainable and nearly zero energy buildings, they concluded that the goal from the Energy Performance of Building Directive now is rarely met [19] .
Moreover, at present, there is a considerable number of studies that analyse the differences between existing methodologies, including the floor area considered, internal heat load used in calculations, energy uses included in the calculations, conversion factors, climatic conditions, indoor temperatures, and the inclusion of renewable energy sources in EU countries [3] . Attia et al. present an overview and future challenges of nearly zero energy buildings design in seven Southern European countries, the study analyses the present situation and provides an overview on future prospects for nZEB in Southern Europe, finding that most Southern European countries are poorly prepared for nZEB implementation and especially to the challenge/opportunity of retrofitting existing buildings [20] . Similarly, Guarino et al., propose a simplified methodology to optimize solar energy gains at district level in the Mediterranean area toward the achievement of the net-zero energy district target, to be applicable as well in similar hot climates [21] .
D'Agostino et.al provide an overview of the status of implementation of nZEBs in Europe with a focus on retrofit and show that diversified approaches are in place for the improvement of existing buildings energy performance, involving technical, economic, and financial aspects, but find that a comprehensive retrofit implementation is still distant at EU level [22] . Beyond the EU, Yahya Wisam Al-Saeed and Abdullahi Ahmed review the current established nZEB standards and definitions in the hot and warm climate of some European countries and investigate the potential reductions in primary energy consumption through design strategies for nZEB buildings in the MENA (Middle East and North Africa) region [23] .
This paper starts by considering the fact that setting a suitable EU definition for nZEB is a challenging task, as referred by Hermelink et al., 2013 [24] . However, it goes beyond and intends to compare in a qualitative and a quantitative way the nZEB definition and nearly zero energy requirements from the selected countries and determine whether there is a consistent assessment of the nZEB compliance under the conditions referred in the Section 2.1 "Building selection and assessment criteria".
Countries Building Code Description
In this chapter, the different national building codes and nZEB national plans are examined. Key aspects and energy requirements from each country's building code are presented and described. In the last section, most remarkable differences between building codes are discussed and summarized.
Building codes, standards, and the state of nZEB definitions are subject to continuous changes. The description of the following section refers mainly to the state of early-2017 when the quantitative comparison among selected countries was conducted using the MATLAB model. However, comments on most relevant changes occurred afterwards are given by the end of each section. Formal "nZEB" definitions, as well as qualitative and quantitative energy requirements, are stated for both new construction and existing buildings (large renovation) in the OIB guideline 6: 'Energieeinsparung und Wärmeschutz' [25] [26] [27] . A nearly zero energy building under the Austrian scope is that building that complies with the energy requirements stated in the above-mentioned guideline for the year 2020. [-] . This last indicator, the total energy efficiency factor 'fGEE' is a comparative value, which results from the established reference value of the energy demand of an object with the listed requirements from the year 2007. The resulting quotient is the total energy efficiency factor. A value of less than 1 means an improvement on the energy quality respect to the specified new construction standard in the 2007 calculation year.
The nZEB status is achieved when the (b) Primary energy demand, and the (c) Carbon dioxide emission requirements are fulfilled and:
• Alternative 1: Either the energy need for heating "HWB-Heizwärmebedarf" requirement and a minimum efficiency of the building technical installations "HTEB-Heiztechnikenergiebedarf" are fulfilled.
• Alternative 2: Either the energy need for heating "HWB-Heizwärmebedarf" requirement and the fGEE requirement are fulfilled.
Intermediate targets for the years 2014, and the following 2016 and 2018 are also included as required by the EPBD directive 31 in its article 9.3.b. Requirements regarding the minimum share of renewables are clearly defined in the Section 4.3 of the guideline.
Germany (EnEV 2016) (Expected GEG 2018)
The nZEB definition in Germany is to be formally settled and implemented by the federal government in the Energy Conservation Regulation (EnEV 2016). Nonetheless, an expected definition in line with the KfW Efficiency house is already foreseen in the nZEB national plan of 2013. For new buildings the ambition level points to the label KfW 40 and for refurbishments points to the label KfW 55 and 70. The numbers indicate the amount of annual primary energy consumption in relation (%) to a comparable new building (reference building), according to the requirements of the Energy Conservation Regulation in force. An Efficiency House 40, for example, does not use more than 40% of the annual primary energy consumption of the corresponding reference building. The main energy requirement might be therefore only the primary energy consumption, as described above (KfW label). The Energy Saving Ordinance (EnEV) includes additional requirements regarding the mean specific heat transmission losses of the building envelope, thermal bridges, air tightness, and the summer heat protection (in order to avoid overheating).
Contrary to the other analysed country scopes, the German code does not allow for a maximum energy need for space heating, but it goes the other way around by limiting the specific heat transmission losses of the building envelope for residential buildings to the maximum values presented in Table 2 from Annex 1 of the building code, and limiting the U-Values for non-residential buildings to the maximum values presented in Table 1 from Annex 2 of the building code.
A minimum share of renewables is also designated taking into account the considerations of the EEWärmeG part 2 articles 4 and 5 for new and existing non-residential buildings undergoing deep renovations, respectively, and the alternative measures presented in the article 7.
[Stand 2018: As foreseen, the nZEB definition for public buildings that is used by government institutions has been proposed in line with the KfW "Effizienzhaus 55-Standard" in the draft of the "GebäudeEnergieGesetz 2018" expected to be enforced in 2018, a formal nZEB definition for new residential buildings is expected to come out before 2021].
Spain (Documento Basico de Ahorro de Energia-DBHE)-Royal Decree 235/2013
Royal decree 235/2013 approving the basic procedure for certifying the energy performance of buildings also includes an obligation for all new buildings built after 31 December 2020 to be nearly zero-energy buildings and all new buildings for which construction starts after 31 December 2018 that will be occupied and owned by public authorities also to be nearly zero-energy buildings is the designated legal document for the transposition of the directive 2010/31/EU into national law. The Spanish code specifies other requirements, which include the maximum transmittance of elements of the thermal envelope and other elements separating different user units, minimum energy efficiency of heating systems and lighting, maximum installed power in the building for lighting purposes, minimum energy contribution from renewable sources for the supply of domestic hot water system, and for electrical uses in the building.
Six winter climate zones (α, A, B, C, D, E) SCI and four summer climate zones (1, 2, 3, 4) SCV have been defined in the annex B.3 of the document "Documento descriptivo climas de referencia" [28] of the diversification ministry. These zones are important because energy performance requirements depend on the building location.
According to the national nZEB plan, for existing construction, in work affecting more than 25% of the building envelope or in work where the building's characteristic use is changed, the requirement is that the building should be at least compliant with the energy demand needs established in 2006 for new buildings (DBHE 2006) .
[Stand 2018: The nZEB definition for new public, residential, and non-residential buildings has been released in the building code DBHE according to the order FOM/588/2017 of 15 June 2017. Likewise, a preliminary document with the basis for the new Basic Document DB-HE 2018 has been released. The envisaged changes include the consideration of the total and non-renewable primary energy consumption in [kWh/m 2 a], more detailed requirements in the use of renewables (i.e., Minimum contribution of energy from renewable sources, water heating of indoor swimming pools and conditioning of open spaces permanently) and the consideration of additional requirements, such as the Global thermal transmittance (K) and Solar control. The new Basic Document DB-HE 2018 is however a preliminary work and has no regulatory character].
England (Conservation of Fuel and Power: Approved Document L)-National nZEB Plan
As described in the UK nZEB national plan, the UK Government has already a target for all new domestic buildings in England to be "zero carbon" from 2016 and an ambition for all new non-domestic buildings in England to be zero carbon from 2019 (2018 for new public-sector buildings). Similar standards and targets for zero carbon dwellings and buildings with some time shift are proposed by North Ireland and Scotland. However, the focus of this study remains in England as a representative country of the UK.
The "zero carbon" definition has been developed by the partnership between the UK Government and the Zero Carbon Hub non-profit organization and is intended to meet the nearly zero energy building definition. No formal definition is given for existing buildings.
Under the interpretation of the UK Government the word "should" signify an aspiration rather than an obligation. That is why they do not include a minimum share of renewables. However, the "zero carbon" definition together with the local policies are supposed to encourage the use of on-site renewables and heat networks that could be connected in the future with renewable heat sources. Another argument against the inclusion of a minimum share of renewables is the fact that low carbon technologies have still an important role to play in the aims of the directive mainly because high energy performance can be achieved at a lower cost. Both of them TER and TFEE indicators are relative maximum reference values that are calculated for a notional building (set out in the Appendix R of SAP 2012 for dwellings and in the National Calculation Methodology NCM modelling guide for buildings other than dwellings) with the same size and shape of the actual building. In every case, the Dwelling CO 2 emission rate (DER)/Building CO 2 emission rate (BER) shall be less or equal to the Target CO 2 emission rate (TER), and the dwelling fabric energy efficiency (DFEE) shall be less or equal to the Target fabric energy efficiency TFEE.
Additional demonstrating compliance criteria are presented in the Building Regulations part L. These include the specification of the performance of building elements and building fixed services in order to achieve reasonable overall standards of energy efficiency. This is, however, more guidance than a mandate [29] .
Summary
Every country's building code points in the same direction to the improvement of both the building thermal envelope and the energy efficiency by means of high efficiency technical systems and low carbon technologies, together with the use of renewable energy sources, yet there are some remarkable differences on their approaches. Most significant differences between the four analysed countries are:
• Only the Austrian norm includes the auxiliary energy and the household electricity demand in the calculation procedure. The German code includes the auxiliary energy for non-residential buildings under certain conditions. • Unlike the other countries' building codes, Germany does not have a quantitative energy requirement for the energy need for heating and cooling. Instead, the code limits the specific heat transmission losses through H T ' in residential buildings.
•
German code does not consider the end use: lighting for the calculation of the primary energy in residential buildings.
Austria is the only country among the considered cases that already has set an nZEB definition for existing buildings that are subject to retrofit/large renovation. This means differentiated quantitative requirements for retrofitted buildings in order to achieve the nZEB status.
• Although England's building code defines the requisite for the use of at least one choice of renewable energies, it does not specify formal quantitative requirements.
• Due to its location and variety of climate conditions within the country, Spain defines differentiated energy requirements according to the climate zone. A correction factor depending on the size (floor area) of the building is used for the calculation of the requirements in energy need for heating and cooling and primary energy consumption.
Methodology
This chapter describes the methodology applied in this paper in order to carry out a qualitative as well as a quantitative cross-country comparison of the energy indicators stated in the respective building codes and the national nZEB definition.
The key approach of this work is:
• Selection of three reference buildings from each of the selected countries that represents the respective national building stock.
• Assumption of three ambition levels (Energy performance) for these reference buildings.
• Assessment of the compliance with nZEB definition of the own and other countries under certain assumptions.
• Derivation of conclusions.
Building Selection and Assessment Criteria
Four countries were selected for the cross-country comparison: Austria, England, Germany, and Spain. For each country, three residential buildings were selected trying to maintain a resemblance in the construction year and construction type in each case between countries. From the 12 buildings, data of 10 of them was obtained from the TABULA EU-building typology database [4] and the data of the other two, namely the single-family house in Spain and the multi-family house in England, was obtained from the Passive House Project Database [5] . The motivation for the selection of these buildings lies first on the interest to involve and compare ambition level differences and whether the passive house standard present/imply differences in the energy performance. Second, the fact that there was limited data for apartment blocks in Spain and England by the time of the building selection.
Each one of the 12 buildings has been modelled under three cases following this scheme:
• Case 1-Original building (no refurbishment): as built.
•
Case 2-Building subject to usual retrofit measures (usual refurbishment): improvements on the thermal envelope as well as on the technical systems.
• Case 3-Building subject to an ambitious retrofit aiming to obtain nZEB status (advanced refurbishment).
Additionally, the reference building case "Ref" is presented and it corresponds to the building equipped with the technical installations and constructive elements to comply with the minimum energy requirements according to the respective country's building code.
Note that, in some cases, depending mostly on the year of construction, the parameters (particularly the U-Values) of the case 1 "original building" can be worse (higher) than the ones of the reference case "Ref".
The most important characteristics of selected buildings are shown in Table 1 . This includes the net conditioned volume, the number of levels, the conditioned reference area (NGF), the total surface of the building envelope (sum of the surface area of each building element that is part of the building thermal envelope) and the compactness defined as the ratio between the building envelope surface and the conditioned volume. The building envelope characteristics, namely the U-values for each case of each building are presented in Table 2 . The specific criteria for the assessment of the building energy performance are the main quantitative energy indicators from each country's building code. In principle and while considering that there is not a formal nZEB definition for existing residential buildings in every country, some general and country specific assumptions must be done: This assumption has by all means a certain impact in the accuracy of the model, since the operation and user behavior issues relative to each country are not fully addressed. However, the difference between selected and country specific boundary conditions is minor for the selected countries. 2.
Each building is assessed using the primary energy factor of each of the other countries.
That means for example that in the case of a German building, when assessed under the Austrian scope, Austrian Primary energy and CO 2 Emission factors are used.
• Assumptions and considerations for the assessment under Austria's scope:
1.
Austria is the only country that already by January 2016 had a formal nZEB definition for both new and retrofitted buildings, so the assessment of the buildings under the Austrian scope is done according to the requirements for residential existing buildings (subject to large renovation).
2.
Austria is the only country that includes the household overall electricity demand, i.e., including appliances etc., in the calculation procedure. In order to have an even comparison between countries, the maximum reference value for the primary energy in Austria has been modified by subtracting a default value that represents this household electricity demand. A default value is given in the OIB guideline 6 of 2011 as the 50% of the internal heat sources from persons and appliances.
• Assumptions and considerations for the assessment under England's scope:
1.
In the case of England, the nZEB definition goes in line with an already existing initiative for new residential buildings from 2016, called "zero carbon hub", and hence the buildings under the English scope are assessed following the requirements of the document part L1A for new residential buildings.
• Assumptions and considerations for the assessment under Germany's scope:
1. Germany does not have a formal nZEB definition for buildings other than public buildings that are used by the government. The formal nZEB definition for new residential buildings is expected before 2021. The assessment under the German scope is therefore done assuming that requirements for residential buildings (subject to large renovation) are in line with the label KfW 55. The number 55 means that the building does not use more than 55% of the annual primary energy consumption of the corresponding reference building stated according to the requirements of the Energy conservation regulation EnEV.
• Assumptions and considerations for the assessment under Spain's scope:
1. Spain does not have a formal nZEB definition for retrofitted buildings (subject to large renovations). The nZEB definition that was presented in the updated Spanish building code DBHE under the order FOM/588/2017 of June 2017 refers to new residential and non-residential buildings. The assessment under the Spanish scope is therefore done considering the numeral 3 "Intermediate targets as of 2015 for improving the energy performance of buildings" and specifically the Section 3.1.2: "Updating standards for work in existing buildings" of the Spanish national nZEB plan. There is stated that in work affecting more than 25% of the envelope or in work where the building's characteristic use is changed, the requirement is that the building should be at least compliant with the energy demand needs established in the previous version of the building code DBHE (2006) for new buildings. 2.
Due to the significant climate variation and different climate zones within the country, classified from A to E depending on the winter severity, being the zone E the one with the most severe winter, an assumption that is needed so that all buildings form the other three countries (Austria, Germany, and England) are assumed to be located in the climate zone E.
Model Description
The developed MATLAB BEP model is a simplified model that is based on the calculation procedure presented on the German norm DIN V 18599 and the validated simplifications introduced by Markus Lichtmess [13] It is a multi-zone model (up to 7 zones) intended for the calculation of the energy need, final-and primary energy for heating, cooling, lighting, and domestic hot water. A zone in this context describes an internal environment with assumed sufficiently uniform thermal conditions to enable a thermal balance calculation. A multi-zone model therefore refers to a model in which the building is divided into zones and the thermal balance calculation is carried out in each one of them (thermal coupling between zones might also be considered) to obtain the energy need for heating and cooling.
The strongest simplifications of the model befall on the technical installations. Among the assumptions and limitations of the model are:
• Use of tabled values for the generation-expenditure factors and auxiliary energy according to the norm DIN 4701-10.
•
Use of tabled values for the distribution losses of the heating and domestic hot water systems.
(Losses can be also set as a user input for the model).
Modelling of simple ventilation systems with constant volume and heat recovery up to 75%. The energy need for the heat/cold register and related technical losses of the ventilation system are not considered.
Simplified Solar-thermal system with pre-selected collector surface.
The BEP model calculation procedure consists of nine fundamental steps described, as follows:
1. Data Collection/Setting of boundary conditions. 2.
Building thermal envelope definition and zoning procedure. 3.
Monthly balance procedure for the calculation of the energy use and final energy for lighting.
4.
Monthly balance procedure for the calculation of the energy need for heating/cooling. 5.
Calculation of the energy need for domestic hot water. 6.
Calculation of the control and emission, distribution and storage energy losses for heating, cooling and domestic hot water systems. 7.
Distribution of the calculated energy demand by energy carrier. 8.
Calculation of the final energy demand by means of the generation-expenditure factor. 9.
Calculation of the primary energy and CO 2 Emissions by means of the primary energy and CO 2 emission factors.
Model Validation
The developed MATLAB BEP model has been validated using the EnerCalC excel-tool [30] version 4.43.110 and the available results from the TABULA EU-building typology database [4] . The results of three well documented buildings have been compared to the results that were obtained by the own developed MATLAB model. The first building corresponds to the basic example of the EnerCalC excel-tool [30] and it is a non-residential building (office building) with seven zones. The validation results for this building are presented in Table 4 (Energy need) and Table 5 (Primary energy). The second considered building is built under passive house concept "Kleehäuser im Freiburger Vauban-Viertel" also presented as a study case by the EnOB: 'Forschung für Energieoptimiertes Bauen [31] . The validation results for this building are presented in Table 6 (Energy need) and Table 7 (Primary energy). These two buildings are located in Germany, thus the DINV 18599 reference climate is used for both cases. The third building is the Single-Family House for Austria (AT_N_SFH_08 according to the TABULA EU-building typology database terminology) subject to usual retrofit which corresponds to the case 2. For this building, the MATLAB model results were compared with both EnerCalC excel-tool [30] results and the available results from the TABULA EU-building typology database [4] . The Austrian reference climate designated in the Ö-Norm 8110-5 is used in this case [32] . The validation results for this building are presented in Table 8 (Energy need) and Table 9 (Primary energy). 
Results
In order to give a more sensitive approach on the compliance or non-compliance of the nZEB definition, a numerical indicator together with a color scale has been calculated for each nZEB indicator in each scenario of each building. This indicator gives an idea of to which extent the normalized result regarding the maximum reference value complies with each country's nZEB definition.
A value under the maximum reference (represented with the zero and yellow color) is therefore negative and it is represented with the green colors. On the other hand, a non-compliant value over the maximum reference is positive and represented with the red values. The lower the value the farther from the reference value. For example, a value of (0.2) on the primary energy consumption for the scenario x, means that the examined indicator exceeds by 20% the maximum reference value for primary energy consumption. Likewise, a value of (−0.2) indicates that the energy consumption for the scenario x is 20% below the maximum reference value. Table 10 shows the results comparison for each alternative by building and country (rows) and the result for compliance/not compliance with the nZEB definition under the scope of the respective assessor country (columns). 
Conclusions and Discussion
From the results it is possible to point out the following conclusions:
• The numerical results would indicate that the planned German nZEB definition is the strictest and therefore the most ambitious one, however it is difficult to draw this conclusion, first due to the limitation of the current work, and second because the ambition level derives not exclusively from the numerical targets. In this sense, for example, the Austrian nZEB definition is very flexible considering that there are two alternatives to comply (see Section 1.2.1), but at the same time, Austria is one of the few among the MS with such a detailed definition for new and existing, residential and non-residential buildings plus well-defined intermediate targets, so the progress can be more easily monitored, showing therefore a high ambition level in terms of enforcement and execution. Similarly, the English nZEB/"zero carbon" definition displays a high ambition level in terms of the timespan since it dates already from 2016 and target for all new domestic buildings in England to be "zero carbon". Finally, the Spanish nZEB definition is a clear example of the challenge that supposes a direct nZEB definition comparison among countries with such different climate conditions. A delayed nZEB definition and transposition of the EPBD directive caused among other reasons by the economic context, indicate that there is still room to improve also in terms of ambition levels, but the steps are being taken with the envisaged modification of the Spanish building code DBHE that considers the re-evaluation of the energy indicators and use of renewable energy in buildings (see Section 1.2.3).
•
Primary energy consumption might not be the most adequate indicator for a cross-country comparison. Since additional steps from the energy need going through the energy use and the delivered energy involve additional parameters that change from country to country, the comparison becomes less transparent and therefore less meaningful [7, 33] . Of course, the intention of setting a national nZEB definition is not first of all a smooth cross-country comparison, but rather the push of energy performance in the building stock. Nevertheless, we believe that a system that allows for cross-country comparison would lead to a higher transparency and in the end could lead to higher energy performance standards.
The definition of (a) A single EU level absolute maximum value for the energy need for heating and cooling along with a corresponding correction factor depending on the climate zone at the EU level (using a common classification like the Köppen-Geiger climate classification for example) and (b) Relative target values for the primary energy consumption in regard to a reference building instead of fixed maximum values, might contribute to a most equitable cross-country building energy performance comparison since the impact of the local and boundary conditions and the impact of additional parameters introduced along the calculation from energy need over energy use and delivered energy up to primary energy are diminished. This last action could be seen as only a shift of the burden from the assessed building to the reference building, but reference building provisions can be more easily compared at the EU level by means of directives, such as the eco-design directive 2009/125/EC [34] .
The eco-design directive 2009/125/EC provides a framework for establishing requirements for "energy-related" products placed on the EU market. Current requirements cover only "energy-using" products, such as boilers, air conditioners, and ventilation units. The future inclusion of products as windows and insulation materials might help to harmonize the EU Member states ambition levels by building renovations towards goals beyond the 2020 horizon.
The further development of nZEB definitions and the setting of energy performance requirements in buildings can be improved through the lessons learned from the already in place nZEB buildings. Although it is shown that the climate condition is one of the main parameters that makes a direct comparison of nZEB definitions among EU countries very difficult, an interesting outcome from a recent analysis [35] based on a sample of 411 representative European high energy performance buildings (new and renovated, residential, and non-residential) mainly located in mild-cold climates, whose features have been collected within the EU IEE ZEBRA2020 project, deduce that the climate conditions do not represent the main parameter affecting the definition of the technology package to achieve the nZEB target. In other words, the energy efficiency technological solutions are selected independently to the climate condition. In the same analysis, the use of mechanical ventilation as a recurrent technical solution in new and renovated nZEBs with a share of 89% of the sample and a high penetration of heat recovery systems is evidenced. It is also shown that heat pump systems are the most used technology in heating systems to achieve nZEB targets. From the comparison with our results we can conclude that the practical implementation of high-performance buildings according to [26] , differs from the (expected) implementation of nZEB building codes.
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